Hardness of epitaxial GaAs 1Àx N x films on GaAs(001) with different film thicknesses, varying from 80 to 700 nm, and nitrogen compositions x between zero (pure GaAs) and 0.031, were studied by means of nano-indentation. As a result, a disproportionate and monotonic increase by 17% in hardness was proved in the dilute range from GaAs to GaAs 0.969 N 0.031 . We are tracing this observation to solid solution strengthening, an extrinsic effect based on dislocation pinning due to interstitial nitrogen. On the other hand, intrinsic effects related to different electronegativities of As and N (i.e., altered bonding conditions) could be ruled out. Furthermore, in tensilely strained GaAs 1Àx N x layers, the appearance of cracks acts as the main strain relieving mechanism. A correlation between cracking and hardness reduction is investigated and discussed as a further relaxation pathway. Published by AIP Publishing. [http://dx
I. INTRODUCTION
The ternary alloy GaAs 1Àx N x represents a materials system suitable for realizing optoelectronic devices in the infrared range, particularly for reaching the wavelengths 1.3 and 1.55 lm, which is of crucial importance to the telecommunications industry.
1 Recent investigations show that Ga(As, N) is also suitable for spintronics [2] [3] [4] and solar cell applications. [5] [6] [7] A large decrease in the band gap of almost 30% compared to GaAs has been reported for an incorporation of only 4% nitrogen into Ga(As, N), which is a large deviation from a linear relationship corresponding to the Vegard's law. 8 The proposed reason is that the replacement of some As atoms with the much smaller and more electronegative N atoms leads to a large perturbation of the crystal lattice potential, resulting in an anti-crossing interaction between the localized N states and the extended conduction-band states, where a consequent splitting of the conduction band decreases the band gap. 9 These optical effects are well investigated.
However, less is known about the mechanical properties of this material, such as hardness, Young's modulus, elastic and lattice constants with changing N composition, although these highly affect the electrical and optical characteristics. 10 Theoretical ab-initio calculations 11 and X-ray measurements 12 of elastic and lattice constants have been reported, where the elastic constants show a large negative bowing 13 compared to the Vegard's law. The lattice constant follows a linear trend well up to 3% of nitrogen incorporation, but deviates above this value. The purpose of this work is to establish whether incorporation of a small amount of nitrogen affects hardness, as accessible by nano-indentation, to a similar degree. The nano-indentation procedure is not straightforward since the miscibility gap of Ga(As, N) only permits a few percent of nitrogen incorporation.
14 Furthermore, to be appropriate for such investigations, the epilayers are required to be surface smooth, free from composition fluctuations and considerably thicker than the quantum well layers (about 4 to 10 nm) used in optoelectronic applications. On the other hand, as will be discussed in this paper, epitaxial strain and strain relaxation only permit thin films below a certain critical layer thickness to be grown, otherwise the hardness will drop drastically due to changes in the microstructure such as cracking. The first part of this work will cover the hardness measurements as a function of nitrogen composition in the dilute range (0 x 0.031) of GaAs 1Àx N x /GaAs(001) heterostructures. In the second part, the hardness decrease and its correlation to cracking regarding layers thicker than the critical layer thickness are analyzed.
II. EXPERIMENT AND CHARACTERIZATION
The GaAs 1Àx N x films were grown by molecular beam epitaxy (MBE) on GaAs(001) substrates using a radio frequency (RF) plasma source for N incorporation. A conventional Knudsen Ga effusion cell was used, where the Beam Equivalent Pressure (BEP) is controlled by regulating the cell temperature, whereas the As was supplied by a valved cracker cell, which allows for a direct, precise control of the As BEP. The two latter govern the incorporation of nitrogen in the sample. Previous studies indicate that Ga(As, N) can be grown under conditions of either low V/III BEP-ratio of 3-4 or high, 25-50. 15 Throughout this work, a ratio of 40-42 was used. The substrate temperature was set at 460 C for all samples. Reflection high-energy electron diffraction (RHEED) was used to monitor the growth in-situ, confirming a smooth twodimensional growth. The samples were grown in three groups of N compositions averaged to 1.4%, 2.3%, and 2.9%, respectively, with thicknesses between 80 and 700 nm. The variation in composition over each set of samples amounts to about 60.2%. In order to extract the actual nitrogen content of each Ga(As, N) sample, the parallel and perpendicular lattice constants, a Published by AIP Publishing. 121, 095105-1 well as the absence of composition fluctuations, which could otherwise produce a hardening effect. As shown in the case of the 300 nm thick GaAs 0.98 N 0.02 layer on top of GaAs, chemically sensitive g 002 dark-field transmission electron microscopy (TEM) demonstrates the composition homogeneity, cf. Fig. 1 . The surface roughness was measured by atomic force microscopy resulting in a root mean square (RMS) roughness of about 0.3 nm. Hardness measurements were performed using the nano-indentation system MTS XP equipped with a Berkovich type diamond indenter tip, where the tip penetrates into the material to a certain pre-defined depth and is then withdrawn. Hardness is derived using a standard procedure developed by Oliver and Pharr, 16 in which load vs. the indentation depth curves are analyzed to calculate the mechanical properties. The hardness is formally defined as
where P max is the maximum load applied by the indenter, and A(h) is an area function describing the relation between the projected indented area and the indentation depth h at a maximum depth. Fig. 2 (a) shows two representative load-unload curves for 70 nm indents into bulk GaAs (blue) and a 300 nm thick GaAs 0.979 N 0.021 /GaAs heterostructure (red). During the loading phase, the indent into the dilute nitride film requires a higher load to reach any depth compared to bulk GaAs, and the maximum load is considerably higher for the nitride film. It is an indication that the introduction of nitrogen produces a considerable hardening effect.
This result is accentuated to an even higher degree by the hardness vs. depth curves acquired by the continuous stiffness method (CSM), Fig. 2(b) . This method renders continuously hardness vs. the indentation depth measurements possible by use of a tip, which oscillates at a frequency of 50 Hz while penetrating. 16 The CSM mode is used for the same two materials, where hardness is measured continuously during the loading phase of the tip. After initial surface effects due to imperfections in the tip and errors in the area function, the measurements stabilize above approximately 25 nm, rendering a plateau value and thus reflecting the measured hardness of the respective material, calculated as the average value between approximately 30 and 65 nm. It is noticeable that, according to B€ uckle's rule, 17 the influence of the substrate in a heterostructure becomes important if the indenter depth exceeds 10% of the film thickness, indicating that an effective composite film/substrate hardness is measured, which is the case in the measurement of Fig. 2(b) .
III. RESULTS

A. Nano-indentation
Results of composite hardness measurements in the CSM mode, maximum depth 70 nm, for several Ga(As, N)/ GaAs(001) heterostructures, [N] ¼ 2.3% 6 0.2%, with varying layer thicknesses, are shown in Fig. 3(a) . The individual data points were taken as the average over 15 to 20 CSM measurements. In the case of thin layers, the experimental value will converge towards the GaAs substrate value H GaAs ¼ 9.44 GPa (large substrate influence), whereas for thick layers, cracking as a relaxation mechanism is responsible for the decrease in hardness, hence the parabolic-like behavior, where the maximum value is closest to the true hardness of the pure Ga(As,N) film. The decisive parameter concerning the substrate influence is the ratio h/t, where h is the indentation depth, and t the film thickness. The substrate influence is visualized in the adjacent Fig. 3(b) , which depicts the CSM hardness measurements for different maximum indentation depths h on a 160 nm thick GaAs 0.977 N 0.023 layer on GaAs(001). It is noticeable that in this case, h changes for one particular sample, i.e., t ¼ const., in contrast to the previous measurement shown in Fig. 3(a) . As expected, the probed hardness approaches the substrate value H GaAs for deep indents. In order to extract the properties of the film itself, the data has been fitted to an exponential dependence as proposed by Bhattacharya and Nix
where H eff is the effective (measured) composite hardness, H f the hardness of the film, and H s the substrate hardness. a serves as the fitting parameter as derived through the fitting procedure to about 1.12, which will be used henceforth in Eq. (2) to calculate H f for all presented Ga(As, N)/GaAs heterostructures. By use of this approach, Fig. 4(b) shows the pure film hardness values H f for the three sets of samples with averaged nitrogen compositions [N] ¼ 1.4%, 2.3%, and 2.9%, respectively. These curves display as main features:
• an approximate plateau of constant hardness for thinner layers in the case of [N] ¼ 1.4% and 2.3%, which is expected, when the substrate influence is subtracted, since the corresponding value is the intrinsic hardness of the film regardless of film thickness, • a decrease in hardness for thicker layers for all three curves, which is due to relaxation by cracking, to be explained in Section III B, and • a systematic shift towards smaller layer thicknesses for the onset of hardness reduction. In case of [N] ¼ 2.9% the onset has already started below the thinnest layer of 80 nm, which explains the absence of a distinct plateau.
The film hardness H f of each set of samples is calculated from the mean value of the unrelaxed samples, which constitute each plateau, respectively, as displayed in Fig.  4(a) . As a result, H f linearly increases in the displayed nitrogen range by about 17%. This huge enhancement is about ten times larger compared to the other ternary alloys such as Al x Ga 1Àx As 19 and In x Ga 1Àx As 20 in the same concentration range x 0.03, and it is by far exceeding a simple linear relationship between the nitrogen content and hardness.
B. Cracking and hardness decrease in thick Ga(As,N) layers
As shown in Fig. 4(b) , there is a remarkable reduction in the hardness for thicker layers in all three sets of samples. This can be related to cracking as a strain relieving mechanism for thick layers, above a certain critical value h c for cracking, which is theoretically defined as Since the nitrogen content of both samples equals within the error bars, it is obviously the layer thickness, which passes from 300 to 400 nm, a critical value at this composition. The critical thickness h c for the onset of crack formation as a function of nitrogen content x from Eq. (3) is plotted in Fig.  6 together with discrete data points as revealed from the investigated structures. It shows a clear correlation between cracking and hardness reduction as data from uncracked and cracked samples are on opposite sides of the theoretical threshold curve.
A plausible explanation to the decrease in hardness for layers with thicknesses beyond h c originates from the fact that these materials will not only plastically deform under load by dislocation generation but also by crack initiation. In this sense, the indentation measurement reflects contributions of both, resistance to the formation and motion of dislocations and fracture resistance. Due to the fact that the layers are under high residual tensile strain, crack formation is preferential and thus reduces the film hardness.
IV. DISCUSSION
Two different features must be considered in order to analyze the origin of the large increase in hardness when nitrogen is added, namely, intrinsic bond resistance in covalent crystals 22 and solid solution strengthening 23 by dislocation pinning.
In the first approach, the hardness of covalently-bonded crystals depends on three factors: (i) the valence electron density, (ii) the ionicity [i.e., covalently-bonded crystals are generally harder than ionic-bonded, since the electrons constituting the bonds are localized to a higher degree], and (iii) the covalent part of the band gap, which is directly related to the bond length. These three features are taken into consideration in the following formula: H ¼ n N a E h e Àff i , where n and f are constants, N a the electron density, f i the ionicity, and E h the covalent part of the band gap, which is related to the bond length d via E h / d À2. 5 . 22 This explains why diamond is the hardest material. A carbon atom is the tiniest entity with the potential to form tetragonally hybridized sp 3 -bonds, thus maximizing the valence electron density N a and minimizing the bond length d. Furthermore, the group-IV carbon bonds are purely covalent. In case of Ga(As, N), an introduction of at most 3% of nitrogen is changing neither the valence electron density nor the average bond length considerably. Calculations show that the variation of N a E h is less than 3%. As a consequence, to account for the huge hardness enhancement, only one effect remains along this intrinsic approach: a reduced ionicity f of the crystal, however, even this appears rather unlikely. N atoms are more electronegative than the As ones [i.e., v N ¼ 3.04 compared to v As ¼ 2.18] and thus the ionicity will in tendency enhance with nitrogen content. Consequently, the above mentioned formula for intrinsic hardness, does not seem to hold in the particular case of Ga(As, N).
Obviously, solid solution strengthening seems to be by far the main important reason for a hardness increase. This approach is based on the interaction between dislocations and nitrogen atoms incorporated at substitutional or interstitial positions. Due to the smaller size of nitrogen atoms, they produce lattice distortions and as a consequence, a stress field is established around them. In particular, the complex interstitials as N-N and N-As configurations cause pronounced local distortions along with larger stress fields. These stress fields, set up by the nitrogen impurities, interact with stress fields of moving dislocations (originating from the indent tip) causing an impeding of the dislocation motion (strengthening) or even a dislocation pinning. In order to clarify the effect of dislocation pinning, we have performed rapid thermal annealing (RTA) treatments at 800 C for 60 s on samples with a layer thickness of 80 nm and nitrogen concentrations [N] between 1.2% and 2.9%. The RTA process is optimized in order to reach a high photoluminescence emission, which corresponds to a strong decrease of point defects 25 and thus should affect the resulting effective hardness. Respective values were taken from 70 nm deep CSM indents into layers with 80 nm thickness. A comparison between as-grown and annealed samples in Fig.  7 (a) reveals a reduction of the effective hardness after RTA, i.e., samples with a nitrogen containing layer become less hard after annealing.
Finite element calculations in Fig. 7(b) depict the loaddisplacement curves (P -h) for GaAs(001) bulk material and a 700 nm thick Ga(As, N) layers with different nitrogen contents between zero and 2% on top of a GaAs substrate. The inset in Fig. 7(b) gives a magnified view close to the turning point from load to unload. Based on the negative bowing of the elastic constants in the dilute regime, one would expect (as shown in the inset) a decreasing maximum load at larger nitrogen contents. Experimentally, we could, however, clearly disprove this behavior and observe instead the increase in hardness, see Fig. 4 . This further substantiates the role of interstitial nitrogen and nitrogen induced defect complexes as the main contribution to hardening.
V. CONCLUSION
Hardness of GaAs 1Àx N x films in the dilute range of nitrogen varying between pure GaAs and GaAs 0.969 N 0.031 was studied by nano-indentation. The samples were grown as thin epilayers using MBE and were characterized by Xray diffraction. After subtraction of effects related to the GaAs(001) substrate, the hardness is found to increase monotonically in this dilute range by 17%. We could identify the dislocation pinning as the main reason for this morethan-linear dependence on the composition. Intrinsic effects due to changed bond configurations (resulting from different ionicities of As and N atoms), are playing a very minor if not vanishing role. In the case of thick layers, a strong correlation between cracking and hardness decrease was observed.
